Introduction
Changes in the abundance and distribution of fishes and other water-breathing ectotherms with anthropogenic climate change are driven in part by changes in the capacities of individuals to perform ecologically relevant functions (e.g. locomotion, foraging, predator avoidance, migration, growth, reproduction), which collectively determine whole-organism performance [1] . The oxygen-and capacity-limited thermal tolerance (OCLTT) hypothesis posits an overarching link between whole-organism performance and the capacity of the cardiorespiratory system to supply tissues with oxygen for metabolism [2] . All predictions following from OCLTT principles are therefore based on the assumption that the abundance and distribution of all water-breathing ectothermic species decline under environmental conditions where the capacity for aerobic metabolism is constrained [2] [3] [4] [5] . However, the OCLTT hypothesis is facing criticism from ecological physiologists [6] , who argue that the predicted link between the capacity for aerobic metabolism and whole-organism performance is not as straightforward as presented in the hypothesis [1, [6] [7] [8] [9] [10] . If a causal link between metabolism and performance cannot be assumed across species, a relationship must be established for individual species or groups of species before the capacity for aerobic metabolism can be used as an indicator of whole-organism performance.
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The experimental framework for integrating aerobic metabolic rates (Ṁ O 2 ) across water oxygen tensions (PO 2 ) (figure 1a) is based on first principles and widely recognized [11, 12] . By contrast, the current framework for integrating Ṁ O 2 across temperatures, proposed in the OCLTT hypothesis, assumes a disputed decline in the performance of the cardiorespiratory system at thermal extremes, and it is unclear about the mechanism underlying the upper thermal limits [6] . The experimental framework presented in figure 2a is based on the OCLTT hypothesis, but has been modified to define empirically the mechanism underlying the upper thermal limits. I recently demonstrated that some species maintain cardiorespiratory performance at their upper thermal limits (figure 2d) [13] [14] [15] [16] , and proposed a novel trait, the oxygen limit for thermal tolerance (PCT MAX ), for assessing the extent to which water-breathing ectotherms conform to the framework presented in figure 2a [13] . Here, I build on these studies and combine the two frameworks (figures 1a and 2a) into a single holistic framework, the 'oxygen-and temperature-limited metabolic niche framework', which describes how the metabolic niche of water-breathing ectotherms is affected by concurrent acute and chronic changes in water temperature and PO 2 (figure 3). The oxygen-and temperature-limited metabolic niche framework integrates a range of metabolic and physiological traits, including the PCT MAX , and it can be used to study the link between metabolism and performance in water-breathing ectotherms exposed to rising water temperature and progressive aquatic hypoxia.
Metabolism
Experimental methodology for assessing how the Ṁ O 2 of fishes and other water-breathing ectotherms responds to changes in water temperature and PO 2 is well established and widely used by ecological physiologists [7, 12, [17] [18] [19] [20] . Conceptually, animal metabolism at any given time can be described using four metabolic traits: (i) minimal rate of oxygen consumption (Ṁ O2 MIN ) quantifies the standard (or minimum) metabolic rate (SMR) required to perform basal maintenance functions that keep the animal alive (i.e. essential cellular, tissue and organ functions) [19] ; (ii) maximum rate of oxygen consumption (Ṁ O2 MAX ) describes the integrated capacity of the cardiorespiratory systems to transport oxygen from the environment to the tissues of the body, and quantifies the maximum metabolic rate (MMR) [18] ; (iii) aerobic scope (AS) is the difference between Ṁ O2 MAX and Ṁ O2 MIN , and quantifies the animal's capacity to supply tissues with oxygen for physiological functions beyond basal maintenance (e.g. locomotion, digestion, growth, reproduction) [7, 21] ; and (iv) anaerobic capacity (AC) quantifies the unsustainable capacity to perform metabolic functions in the absence of oxygen for aerobic metabolism.
Oxygen and temperature
Progressive aquatic hypoxia (i.e. declining water PO 2 ) affects the Ṁ O 2 of water-breathing ectotherms via reductions in the gradient and diffusion rate of oxygen across the gill epithelium, the oxygen content in blood leaving the gills, and the maximal oxygen transport capacity of the cardiorespiratory system (i.e. Ṁ O2 MAX ) (figure 1a) [11, 12] . Below a narrow zone of insensitivity to aquatic hypoxia, where Ṁ O2 MAX is unaffected by water PO 2 because of the oxygen-binding affinity of haemoglobin, Ṁ O2 MAX and AS decrease with progressive aquatic hypoxia until the critical PO 2 (P CRIT ) where Ṁ O2 MAX equals Ṁ O2 MIN and the AS is zero. P CRIT is the PO 2 that defines the lowest PO 2 at which the rate of tissue oxygen supply can sustain basal maintenance functions via aerobic metabolism. Below P CRIT , the rate of tissue oxygen supply becomes insufficient to sustain basal maintenance functions and survival becomes increasingly reliant on unsustainable anaerobic metabolism until the terminal PO 2 (P TERM ). P TERM is the PO 2 at which water-breathing ectotherms exhibit loss of equilibrium because the combined rates of aerobic and anaerobic metabolism, determined by the maximal rate of tissue oxygen supply for aerobic metabolism (i.e. Ṁ O2 MAX ) and the capacity for anaerobic metabolism (AC), is insufficient to sustain basal maintenance functions.
Water temperature affects the Ṁ O 2 of water-breathing ectotherms via changes in the rate of biochemical processes and the performance of the cardiorespiratory system. With rising temperatures, and following the modified OCLTT Figure 3 . Conceptual oxygen-and temperature-limited metabolic niche framework, illustrating how aerobic scope (dotted isopleths), anaerobic capacity (AC), avoidance water PO 2 and temperature (P AVOID , T AVOID ), critical water PO 2 and temperature (P CRIT , T CRIT ), terminal water PO 2 (P TERM ) and terminal water temperature (T TERM ) change with water oxygen tension (PO 2 ) and temperature in the hypothetical water-breathing ectotherm described in figures 1a,b and 2a-c. Shown also is the effect of declining water PO 2 on the critical thermal maximum (CT MAX ) and the oxygen limit for thermal tolerance (PCT MAX ) if a temperature-induced collapse of vital physiological functions, not directly related to tissue oxygen supply, occurs at 358C (i.e. figure 2d) . Finally, the framework describes the effect of declining water PO 2 on the preference temperature (T PREF ) and the oxygen limit for thermal preference (PT PREF ). See text for details. Figure developed from [2, 13, 14] . (Online version in colour.) royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20180540
As a result, AS increases with temperature at lower temperatures and decreases at higher temperatures until the upper critical temperature (T CRIT ) where Ṁ O2 MIN equals Ṁ O2 MAX and AS is zero. T CRIT defines the highest temperature at which tissue oxygen supply can sustain basal maintenance functions. Above T CRIT , survival becomes increasingly reliant on anaerobic metabolism until the terminal temperature (T TERM ) at which water-breathing ectotherms exhibit loss of equilibrium because of insufficient capacity for anaerobic metabolism.
Capacity for anaerobic metabolism
Water-breathing ectotherms become increasingly reliant on anaerobic ATP production with declining PO 2 below P CRIT (figure 1b), and increasing temperature above T CRIT (figure 2b), because Ṁ O2 MAX decreases below Ṁ O2 MIN . The capacity for anaerobic metabolism is unsustainable because the amount of ATP an organism can generate over a fixed time period (minutes to hours) without access to oxygen is determined by: (1) the capacity of the glycolytic enzymes; (2) the ability to tolerate anaerobic end-product accumulation; or (3) the size of the glycolysis substrate (glucose, glycogen) stores. Consequently, the loss of equilibrium at P TERM or T TERM ensues when: (1) the required rate of anaerobic ATP production exceeds the capacity of the glycolytic enzymes; (2) the anaerobic end-products accumulation exceeds tolerance limit; or (3) the glycolysis substrate stores are exhausted. From an experimental perspective, P CRIT and T CRIT should not be affected by methodology because they are determined by the oxygen supply capacity of the cardiorespiratory system, and the capacity of the cardiorespiratory system to maintain performance with rising temperature (i.e. thermal tolerance). By contrast, P TERM and T TERM are influenced by the capacity for anaerobic metabolism in addition to cardiorespiratory oxygen supply capacity and thermal tolerance, and the distance from P CRIT to P TERM , and from T CRIT to T TERM , should therefore increase with an increasing rate of change in PO 2 and temperature, respectively.
In figures 1a and 2a, the loss of equilibrium at P TERM and T TERM is set to ensue when the glycolysis substrate stores are exhausted, and the capacity for anaerobic ATP production is set to be equivalent to the ATP generated aerobically by the consumption of 120 mg O 2 kg
21
. With progressive aquatic hypoxia below P CRIT (figure 1b), Ṁ O2 MAX decreases while Ṁ O2 MIN is maintained under the assumption that metabolic rate depression is absent. If the rate of decline in PO 2 . Thus, the capacity for anaerobic metabolism can be estimated from the rate of decline in PO 2 and the changes in Ṁ O2 MAX and Ṁ O2 MIN from P CRIT to P TERM and from T CRIT to T TERM , respectively. In fishes exhibiting metabolic depression [22] , this method can be combined with assessments of metabolic rate via metabolic heat production (calorimetry) [23] to quantify the level of metabolic depression.
The capacity for anaerobic metabolism may influence the behavioural responses of water-breathing ectotherms to progressive aquatic hypoxia and rising water temperature
, which is characterized by rapid acceleration in a direction away from the threat and fuelled almost exclusively anaerobically [24] . The ability to estimate the AC may facilitate a better understanding of the role of anaerobic metabolism in the responses of water-breathing ectotherms to changes in water temperature and PO 2 .
Upper thermal limits
The critical thermal maximum (CT MAX ) is the temperature at which ectotherms exhibit loss of equilibrium or onset of spasm due to a temperature-induced collapse of vital physiological functions, and it defines the upper limits of the fundamental thermal niche [25, 26] .
Following the OCLTT hypothesis, water-breathing ectotherms become increasingly reliant on anaerobic metabolism with rising temperatures above T CRIT [2] . If the performance of all vital functions, not directly related to tissue oxygen supply, is retained with rising temperatures above T CRIT (figure 2a), water-breathing ectotherms eventually reach a terminal temperature (T TERM ) at which they exhibit loss of equilibrium because the capacities for aerobic and anaerobic metabolism are insufficient to sustain basal maintenance functions (detailed in §4). Under these conditions, CT MAX occurs at T TERM because the loss of equilibrium at CT MAX is caused by a temperature-induced collapse of the cardiorespiratory system and insufficient oxygen supply for basal maintenance functions (i.e. T TERM ¼ CT MAX ) (figure 2a). If CT MAX occurs at T TERM , exposure to progressive aquatic hypoxia should reduce CT MAX by reducing Ṁ O2 MAX , the temperature where Ṁ O2 MAX equals Ṁ O2 MIN (i.e. T CRIT ), and thus the temperature where loss of equilibrium occurs (T TERM ) (figure 2c) [13] .
Recent studies find that some species maintain CT MAX in progressive aquatic hypoxia (figure 2d ) [13, 14] . In these species, CT MAX at normoxia occurs below T TERM , and the thermal sensitivity of vital physiological functions not directly related to tissue oxygen supply is responsible for setting CT MAX [13] . Consequently, CT MAX at normoxia occurs either below T CRIT , or between T CRIT and T TERM . If CT MAX at normoxia occurs below T CRIT , cardiorespiratory performance and AS are retained at CT MAX at normoxia, and CT MAX is not affected by progressive aquatic hypoxia until the PO 2 where Ṁ O2 MAX equals Ṁ O2 MIN and AS is zero. Below this PO 2 , insufficient tissue oxygen supply becomes the factor underlying the onset of loss of equilibrium (i.e. CT MAX ¼ T TERM ) and further reductions in PO 2 result in a proportional decrease in CT MAX . If CT MAX at normoxia occurs between T CRIT and T TERM , the decrease in CT MAX with progressive aquatic hypoxia is offset until T TERM decreases below CT MAX . The oxygen limit for thermal tolerance (PCT MAX ) is the PO 2 where an organism's CT MAX goes from being oxygen-independent to oxygen-dependent, and starts to decline with progressive aquatic hypoxia [13] . PCT MAX decreases with increasing cardiorespiratory performance and AS retained at CT MAX at normoxia and can therefore be used to quantify the acute thermal tolerance of the cardiorespiratory system in water-breathing ectotherms.
A meta-analysis on thermal tolerance limits, including CT MAX , and latitudinal distribution ranges of terrestrial and royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20180540 marine ectotherms finds that marine ectotherms more fully occupy the extent of latitudes tolerable within their thermal tolerance limits [27] . If the latitudinal distribution ranges of water-breathing ectotherms are shaped by their upper thermal limits, the distribution of species with a higher PCT MAX should be more sensitive to the occurrence of environmental hypoxia and oxygen-poor 'dead' zones relative to species with a lower PCT MAX [2, 13, 27] . Identifying the role of oxygen in shaping the upper thermal limits of water-breathing ectotherms is therefore highly relevant for research aimed at understanding how climate change will impact ecological physiology and species' distributions.
Metabolic niche framework
The oxygen-and temperature-limited metabolic niche framework is based on the OCLTT hypothesis and combines the framework for integrating Ṁ O 2 across water PO 2 levels (figure 1a) [11, 12] and the modified OCLTT framework (figure 2a) [2] into a single holistic framework for describing the effects of concurrent changes in water PO 2 and temperature on the metabolic rates of water-breathing ectothermic oxygen regulators ( figure 3) . Furthermore, the metabolic niche framework proposes an empirical definition of the mechanism underlying the CT MAX of species conforming to the OCLTT framework, and describes the effect of water PO 2 on CT MAX via PCT MAX .
The oxygen-and temperature-limited metabolic niche framework (figure 3) is modelled from the hypothetical dataset in figures 1 and 2. Changes in Ṁ O2 MIN and Ṁ O2 MAX with rising temperatures are based on reviews on the OCLTT hypothesis [2] [3] [4] [5] ) (e.g. figure 1a ). The effect of water PO 2 and temperature on AS is modelled from these plots, together with corresponding P CRIT and T CRIT values. P TERM and T TERM values are calculated as described in §4, under the assumptions that the AC is equivalent to the ATP generated aerobically by 120 mg O 2 kg 21 and that metabolic depression is absent. With rising temperature, changes in P CRIT are driven by changes in Ṁ O2 MAX relative to changes in Ṁ O2 MIN . P CRIT increases from 16.6 mmHg at 108C to 135.0 mmHg at 408C because Ṁ O2 MAX increases slower than Ṁ O2 MIN . At matching water temperatures and PO 2 levels, P CRIT corresponds to T CRIT because changes in Ṁ O2 MAX and Ṁ O2 MIN with temperature are assumed unaffected by acclimation duration and ramping rate. As a result, T CRIT decreases with declining water PO 2 from 408C at normoxia to 108C at 16.6 mmHg. The distances from P CRIT to P TERM and from T CRIT to T TERM are driven by the decrease in Ṁ O2 MAX relative to Ṁ O2 MIN , and thus the rate at which the AC is depleted. With rising water temperatures, the distance from P CRIT to P TERM changes from 14.2 mmHg (16.6-2.4 mmHg) at 108C to 28.1 mmHg (135-106.9 mmHg) at 408C. With declining water PO 2 , the distance from T CRIT to T TERM decreases from 2.88C (40.0-42.88C) at normoxia to 12.88C (10. , CT MAX is oxygen-independent and maintained at 35.08C with declining water PO 2 from normoxia to 42.7 mmHg (PCT MAX ). Below 42.7 mmHg, CT MAX becomes oxygen-dependent and follows the decline in T TERM from 35.08C at 42.7 mmHg to 22.88C at 16.6 mmHg.
From a mechanistic perspective, the oxygen-and temperature-limited metabolic niche framework is composed of traits determined in animals exposed to chronic changes in water temperatures and PO 2 levels during acclimation, and subsequently exposed to acute changes in water temperatures and PO 2 levels during experimentation. Consequently, the individual traits, and the framework as a whole, are subject to changes with the duration of acclimation and the rate of change during experimentation. These chronic and acute 'exposure components' are not illustrated in figure 3 , but should be taken into account when employing the framework in studies on the role of metabolism in shaping individual performance traits, and when applying the framework in an ecological context. Ideally, the acclimation duration should be either comparable to the environmental scenario being studied, or sufficiently long for physiological changes to stabilize, and the rate of change should be comparable to the change experienced by the study species in the wild.
As mentioned in the Introduction, a causal link between metabolic rates (e.g. AS) and ecologically relevant physiological and behavioural performance traits (e.g. swimming speed, predator avoidance, foraging success or boldness) must be established for individual species or groups of species before metabolic changes can be used as an indicator of whole-organism performance. However, studies focusing exclusively on water temperature (or PO 2 ), when assessing relationships between AS and ecological relevant performance traits, may infer a spurious correlation (e.g. a decline in AS and performance level at elevated temperatures) as a causal relationship because they lack a 'control' group, in which AS is maintained at elevated temperatures, and therefore fail to account for the isolated effect of temperature on the performance trait. The oxygen-and temperature-limited metabolic niche framework can be used to assess the effect of AS on individual performance traits, independently of temperature. For example, in a hypothetical species conforming to the oxygen-and temperature-limited metabolic niche framework in figure 3 , the effect of AS on boldness can be isolated from the effect of temperature, by determining Incorporating performance traits into the oxygen-and temperature-limited metabolic niche framework, and correlating the individual traits with Ṁ O2 MIN , Ṁ O2 MAX , AS and AC can provide information about the role of metabolism in shaping these traits. For example, behavioural responses of water-breathing ectotherms to spatial and temporal variation in water temperature and PO 2 may influence species' distribution patterns through habitat selection [4, 28] and modification of depth and latitude ranges [29] [30] [31] . A link between metabolism and behaviour has been shown in a number of aquatic species [32] [33] [34] [35] [36] [37] [38] [39] , but despite the effects of hypoxia and temperature on metabolism (figures 1a and 2a), virtually nothing is known about the potential role of metabolic changes for the behavioural responses of water-breathing ectotherms to rising water temperature and progressive aquatic hypoxia. Section 7 exemplifies how the incorporation of behavioural traits for preference and avoidance responses can be used to assess the extent to which temperatureand hypoxia-driven changes in preference and avoidance behaviour are governed by changes in metabolism.
Preference and avoidance behaviour
Behavioural responses of water-breathing ectotherms to rising water temperature and progressive aquatic hypoxia can be divided into avoidance and preference responses [40, 41] . With rising temperatures, the avoidance temperature (T AVOID ) is the temperature where the animal starts to actively seek out cooler water. In progressive aquatic hypoxia, the avoidance PO 2 (P AVOID ) is the PO 2 where the animal starts to actively seek out less hypoxic water.
As water-breathing ectotherms move between different temperatures and PO 2 levels, the four metabolic traits (Ṁ O2 MIN , Ṁ O2 MAX , AS and AC) and their relationships change (figures 1a and 2a). These traits and relationships are further changed when organisms increase their activity level (e.g. swimming speed) from resting to maximal, increasing oxygen requirement of muscles and thus reducing oxygen availability for other physiological functions. For individual species, the onset of behavioural responses to temperature and hypoxia may be triggered by changes in one or more of the four metabolic traits, either independently or relative to other traits. For example, behavioural responses may by triggered (1) by an impulse to protect performance when Ṁ O2 MAX or AS is reduced by a percentage; (2) by an impulse to protect vital functions when AS is reduced to a percentage of Ṁ O2 MIN ; or (3) at the onset of anaerobic metabolism, or when anaerobic end-product accumulation reaches a certain level, by an impulse to protect short-term survival. In the first two cases, T AVOID and P AVOID lie below T CRIT and P CRIT , respectively (figures 1a and 2a,c). In the third case, T AVOID and P AVOID are equal to, or lie beyond, T CRIT and P CRIT , respectively (not show on figures). In species retaining cardiorespiratory performance and AS at CT MAX , T AVOID is independent of hypoxia-induced changes in Ṁ O 2 (figure 2d). In figures 1a and 2a, the onset of avoidance behaviour at P AVOID and T AVOID is triggered by an impulse to protect vital functions when AS is reduced to 70% of Ṁ O2 MIN . With progressive aquatic hypoxia (figure 1a), AS at 228C [42] . If governed by mechanisms similar to those responsible for P AVOID , a PO 2 threshold should exist below which T PREF begins to decline because of the constraint that hypoxia imposes upon Ṁ O2 MAX , AS and ultimately Ṁ O2 MIN [32] . The oxygen limit for thermal preference (PT PREF ) is the PO 2 where an organism's T PREF starts to decline with progressive aquatic hypoxia and indicates the PO 2 below which organisms will begin relocating to colder habitats. In figure 3 , T PREF is 208C and PT PREF is triggered by an impulse to protect vital functions when AS is reduced to 150% of Ṁ O2 MIN .
Conclusion
The oxygen-and temperature-limited metabolic niche framework describes the effects of water temperature and PO 2 on the metabolic niche of water-breathing ectotherms, and can be used to assess the role of metabolism in shaping ecologically relevant performance traits (e.g. swimming performance, foraging success, growth, reproduction, boldness, avoidance behaviour), which collectively determine wholeorganism performance and Darwinian fitness [1] . As such, the oxygen-and temperature-limited metabolic niche framework can be used to address recent criticisms [6] of studies hypothesizing an overarching causal relationship between the capacity for aerobic metabolism and whole-organism performance in water-breathing ectothermic species [2] [3] [4] [5] . This knowledge may improve understanding of the role of metabolism in shaping the abundance and distribution of water-breathing ectotherms, as well as the ability to predict the impact of other anthropogenic environmental factors shown to affect the metabolism of water-breathing ectotherms, such as water salinity [43] [44] [45] and pH (i.e. ocean acidification) [46, 47] . Finally, the framework may enable the incorporation of physiological and behavioural data into ecological species distribution models, linking metabolism, performance and distribution of individual species and amplifying the ability of experimental ecophysiologist to contribute to conservation in the face of climate change [8] . Comparing frameworks between species may identify shared and species-specific relationships between individual traits and groups of traits. This information may help to accurately parameterize predictive models aimed at forecasting the biogeographic responses of fishes and other water-breathing ectotherms to anthropogenic ocean warming, extreme transient heat waves, and the concurrent expansion of aquatic oxygen deficient (hypoxic) 'dead zones'.
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